Diurnal variations of rainfall and upper wind over Bangladesh during summer monsoon season were investigated through the data analysis of raingauge, 4 times daily rawin-sonde and pilot balloon observations. Over the northeastern part, where the total monsoon rainfall is heavy, the rainfall peak appears at 3 to 6 local time in the early morning. In the lower troposphere, the southeasterly is accelerated in the evening, and the wind direction exhibits the clockwise change during the night. This feature corresponds with the nocturnal jet, which can be a cause of the midnight-early morning rainfall peak in the northeastern part of Bangladesh through the enhancement of the wind blowing against the southern edge of the Meghalaya Mountains.
Introduction
The area around Bangladesh is known as one of the heaviest rainfall areas in the world [Matsumoto, 1988] . In the Indian territory just north of Bangladesh, there is the Meghalaya Mountains with the elevation of about 1500m. On the southern slope of this plateau, Cherrapunjee, a weather observatory of India Meteorological Department (IMD), is located, where the world record of annual rainfall was recorded. Rainfall over this area should act as an important part of atmospheric heat source that controls the Asian summer monsoon circulations [Luo and Yanai, 1983; Li and Yanai, 1996] .
It has been pointed out that diurnal variations are evident in the rainfall over this area. Prasad [1970] showed that the rainfall maximum is observed during midnight-early morning at Cherrapunjee. Recently, Ohsawa et al. [2001] investigated the diurnal variation of rainfall in the summer monsoon season (JJA) over Bangladesh with 3-hourly raingauge data in 1995 and Geostationary Meteorological Satellite data from 1996 to 1999. In the area near the southern slope of Meghalaya mountains, the late night-early morning precipitation peak is found. These results consistently suggest that the precipitation over this area has midnightearly morning peak. Thus, the heavy precipitation occurs through the significant diurnal variation. The morning maximum rainfall in Bangladesh is also reported by Islam et al. [2004 Islam et al. [ , 2005 features and mechanisms of this diurnal variation is essentially important to understand the mechanism of rainfall in this area.
However, the study of diurnal rainfall variation in Bangladesh is insufficient. The detailed analysis of diurnal variation of rainfall measured by raingauges over Bangladesh has been performed only for 1995 [Ohsawa et al., 2001] . This is because the raingauge data of rainfall that can resolve its diurnal variation pattern were not available except some special periods such as 1995. Recently, under the support of JICA (Japan International Cooperation Agency) project [Oka and Hoque, 2004] , we have obtained 3-hourly rainfall data of the year 2000 from Bangladesh Meteorological Department (BMD). This is very important chance to analyze the diurnal variation of the rainfall over Bangladesh. The first half of the present paper is devoted to the analysis of the diurnal variation of rainfall using summer data of the year 2000. The results are compared with those of previous studies.
To clarify the mechanism responsible for the diurnal variation of rainfall, the diurnal variation of circulation over this area should be examined more. Ohsawa et al. [2000] analyzed the surface wind variation associated with a typical mesoscale convective system developed on 16-17 June 1995, emphasizing the role of the local easterly due to the orographic effect. Prasad [1974] and Ohsawa et al. [2001] also discussed that the mountain breeze from the slope of the mountains are essential for the low-level convergence over the foothills. However, these speculations are based on the case studies of subjectively selected events. We need to proceed to the common features of diurnal variations of circulation. Furthermore, they used only the surface wind observations. However, as will be discussed later, the surface wind data have considerable limitation for the inference of upper winds.
In order to get over these deficiencies, we collected upper layer data. This is the first attempt to describe the climatological diurnal variation of upper wind over this country. To resolve the diurnal variation of upper level atmosphere, we have conducted 4-times daily rawin sonde observations with BMD. The operational pilot balloon observation data at several points are also provided by BMD. In the later half of this paper, the diurnal variation of upper wind will be examined using these datasets. We will propose new plausible candidate of the cause of the late evening-early morning rainfall maximum over northeastern part of Bangladesh.
Data
The operational 3-hourly raingauge data of 2000 collected by BMD are mainly used for the analysis of the diurnal variation of rainfall over the country. Although there are 33 raingauge stations total (cross marks, Fig. 1 ), in the northeastern part of this country, the BMD observation site is relatively few. To complement this, the 2000 data of automatic raingauges installed by JICA project are also utilized (circle marks, Fig. 1 ).
The intensive 4-times daily rawin sonde observation were conducted for 30 days for 2000 and 2001 summer as tabulated in Table 1 . However, because of GPS signal problem, we could not obtain some of the wind data for 13 days denoted by asterisks in the table. Therefore, the diurnal variation of wind is calculated using 17 days in 2000 and 2001 when wind data are completely obtained for all four observation times.
The operational 4-times daily pilot balloon observation data at 10 stations are also analyzed to complement the result of rawin sonde observation. The numbers of available data are different for different stations. We have enough data for the analysis for the following 5 selected stations only (Dhaka, Chittagong, Ishurdi, Jessore, Barisal; square marks, Fig. 1) .
Of course, we should be careful for the differences of the available durations of data among these datasets. However, our current data collection status does not permit us to analyze same year datasets for all variables. Therefore, in the present study, we assume that the problem arise from the difference of the data durations is small, as far as the diurnal variations are concerned. In future, our results should be verified with more complete dataset.
Diurnal Variation of Rainfall
To objectively categorize the characteristics of the diurnal variation of rainfall in this country, first we conducted the cluster analysis with average-linkage method [Wilks, 1995; Kalkstein et al., 1987] . Assuming that the 'distance' between 1 mm day −1 and 2 mm day −1 and that between 2 mm day −1 and 4 mm day −1 are equal, our cluster analysis was applied for the 8-dimensional vectors of the logarithms of JJAS averaged 3-hourly rainfall calculate for 41 points.
The partition of data when the number of the cluster decreases to 2 are indicated in Fig. 2 . The groups consists of the points belonging to cluster 1 and 2 are named C1 and C2, respectively, hereafter. C1 is seen in two areas; the coastal area in the south to southeastern part and the northeastern-most part at the foothills. C2 distributes over central to western part of the country. In Fig. 3 , the averaged diurnal variations of rainfall of all points are plotted by solid lines and dashed lines for C1 and C2, respectively. The rainfall amount of C1 is larger than C2. As for the peak time of rainfall, most of the peaks of C1 points are seen during the midnight-early morning.
To show the differences between patterns of diurnal variations of each cluster intuitively, histograms for the total monsoon rainfall amount and the peak time are plotted in Fig. 4 . For the total monsoon rainfall amount (Fig. 4a) , there is a gap at about 1500 mm. All points whose total monsoon rainfall are larger than and less than 1500 mm belong to C1 and C2, respectively, without exception. For the peak time (Fig. 4b) , distinct gaps are found between 18-24 LST and 9-12 LST, so that we define two groups; midnightmorning (0-12 LST) and afternoon (12-18 LST) peaks, P1 and P2, hereafter. All points except for one point in C1 are members of P1 as shown in Fig. 4c .
Thus, it is clear that the diurnal variation of rainfall in the northeastern part of the country is characterized by the midnight-early morning peak (P1) with heavy rainfall (C2). Thus the present study further confirmed the results given by previous studies [Ohsawa et al., 2000; Islam et al., 2004; .
Diurnal Variation of Upper Wind
The diurnal variations of upper layer wind are discussed in this section. Results of 4-times daily rawin-sonde observation are described. Additionally, the pilot balloon data are analyzed to confirm the variation of wind found in the rawin-sonde data.
The wind hodographs are drawn for three pressure levels from 950hPa to 700hPa (Fig. 5) . At these pressure levels, the wind speed is accelerated from the evening to the midnight. The marks corresponding to 00 LST are located at the points more distant from the origin of the graph than earlier observation times, indicating that the wind is stronger in the midnight. As for the wind directions, they seem to change clockwisely. The acceleration and direction change of wind is more remarkable in the lower troposphere. Although figures are not shown, it is noteworthy that the surface observation totally failed to capture the nature of the nocturnal jet developed over the Bengal Plain. To investigate the diurnal variation of local circulation in this area, upper layer wind observation is necessary.
To test the significance of the wind variation shown in Fig. 5 , we examined the statistical confidence levels of the anomaly of the diurnal variation of meridional wind. It was shown that the lower tropospheric midnight meridional wind velocity is significantly larger than those at the daytime in 95% significant level.
Diurnal variations of 900m wind vector are also investigated using pilot balloon observations at 5 observatories (Dhaka, Chittagong, Jessore, Barisal, Ishurdi) of BMD. Qualitatively similar result was obtained (not shown) although pilot balloon data are missing frequently, since it is rainy and cloudy climate in this season.
These results drive us to following discussions. The northward and northeastward wind acceleration in the midnight is consistent with the rainfall maximum found over the northeastern part of the country in the midnight-early morning. However, we can not decide whether they have some causeand-effect relationship or not only through this consistency. This point will be discussed in the next section.
Summary and discussion
The patterns of diurnal variation of rainfall over Bangladesh were investigated using 3 hourly operational rainfall observation data in 2000. In this short letter, our focus was placed on the northeastern foothill area, where the total monsoon rainfall was very large. In this area, a clear midnight-early morning rainfall peak was found to be dominant. This confirmed the midnight-early morning rainfall peak in the northeastern part of Bangladesh reported by earlier studies such as Ohsawa et al. [2000] .
The intensive rawin-sonde observation and pilot balloon data enable us to assess the diurnal variation of the upper wind for the first time in Bangladesh. The hodographs of diurnal wind variation showed us;
• The accelerations of wind speed from the evening to the midnight in the lower troposphere.
• The clockwise change of wind direction.
• The height of the maximum wind acceleration found in the lower troposphere near the top of the boundary layer.
We propose a plausible hypothesis which account for the lower southerly acceleration. The features of diurnal wind variation has properties similar to those of the lower tropospheric nocturnal jet [Blackadar, 1957] . Since the topography of Bangladesh is extremely flat, the atmospheric motion can be modeled by the concept of the nocturnal jet associated with the disappearance of the convections that act as the friction in the momentum equation through the eddy momentum flux. In this hypothesis, the lower tropospheric wind acceleration is a cause of the midnight-early morning peak of rainfall over northeastern part.
Some other mechanisms that explain this diurnal variation have also been proposed. Prasad [1970, 1974] and Ohsawa et al. [2000 Ohsawa et al. [ , 2001 have discussed that the nocturnal valley wind on the slopes of Meghalaya Plateau converges with the monsoon southeasterly, and promotes the convections. In this context, the lower tropospheric wind acceleration is a result of the rainfall peak. Thus, it is still difficult to attribute the lower tropospheric wind variation to the late night-early morning rainfall peak over the northeastern part of Bangladesh.
Recently, Kataoka and Satomura [2005] pointed out the nighttime acceleration of lower tropospheric monsoon southwesterly. They also showed that the mountain wind does not play major role in the development of the convective systems at night over the northeastern part of Bangladesh, supporting the hypothesis proposed in the present paper. To further clarify the mechanism responsible for the midnightearly morning peak, observation should be made at high temporal and spatial resolution especially over the area surrounding the Meghalaya Plateau. Table 1 . Time is indicated by numbers for 950 hPa level.
